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Graphical Abstract 

 

Abstract: 

Strong infectivity enables coronavirus disease 2019 (COVID-19) to rage throughout 

the world. Moreover, the lack of drugs with definite therapeutic effects further 

aggravates the spread of the pandemic. Remdesivir is one of the most promising 

anti-severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) drugs. However, 

the limited clinical effects make its therapeutic effect controversial, which may result 

from the poor accumulation and activation of remdesivir in the lung. Therefore, we 

developed lyophilized remdesivir liposomes (Rdv-lips) which can be reconstituted as 

liposomal aerosol for pulmonary delivery to improve the in vivo behavior of existing 

remdesivir cyclodextrin conclusion compound (Rdv-cyc) injections. Liposome 

encapsulation endowed remdesivir with much higher solubility and better 

biocompatibility. The in vitro liposomal aerosol characterization demonstrated that 

Rdv-lips possessed a mass median aerodynamic diameter of 4.118 μm and fine 

particle fraction (<5 μm) higher than 50%, indicating good pulmonary delivery 

properties. Compared to the Rdv-cyc intravenous injection group, the Rdv-lips 
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inhalation group displayed a nearly 100-fold increase in the remdesivir-active 

metabolite nucleotide triphosphate (NTP) concentration and better NTP accumulation 

in the lung than the Rdv-cyc inhalation group. A faster transition from remdesivir to 

NTP of Rdv-lips (inhalation) could also be observed due to better cell uptake. 

Compared to other preparations, the superiority of Rdv-lips was further evidenced by 

the results of an in vivo safety study, with little possibility of inducing inflammation. 

In conclusion, Rdv-lips for pulmonary delivery will be a potent formulation to 

improve the in vivo behavior of remdesivir and exert better therapeutic effects in 

COVID-19 treatment. 

Key words: COVID-19; Remdesivir; Pulmonary delivery; Liposomal aerosol; 

Nucleotide triphosphate  

1. Introduction 

First appearing in late 2019, the status of the pandemic of coronavirus disease 

2019 (COVID-19) is still serious and affecting more than 200 countries and regions [1, 

2]. The pandemic is caused by severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) with high infectiousness [3-5], leading to various symptoms from 

asymptomatic disease to pneumonia and life-threatening complications, including 

acute respiratory distress syndrome, multisystem organ failure, and ultimately death 

[6-9]. As of August 13, 2021, more than 206 million coronavirus cases and 4.3 million 

deaths were reported [2]. The rapid mutation of the virus made the pandemic situation 

more severe, and threw out a challenge to vaccine development, which led to a more 

urgent need for other ways to control the COVID-19. Unfortunately, although 

extensive clinical trials for COVID-19 have been carried out, few antiviral drugs have 

been proven to be effective in a strict randomized, double-blind, placebo-controlled 

study [10]. Therefore, it is an immediate problem to develop drugs with definite 

therapeutic effects on COVID-19. 

Remdesivir (Veklury
®

) was the first drug approved by the U.S. Food and Drug 

Administration (FDA) for the treatment of COVID-19 [11]. However, it was 

originally a nucleotide prodrug developed by Gilead Sciences, Inc. against Ebola 
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virus (EBOV) [12]. Through intracellular metabolic activation, remdesivir converts to 

active nucleoside triphosphate (NTP), which can incorporate into nascent viral RNA 

chains and interfere with RNA-dependent RNA polymerase (RdRp), leading to the 

premature termination of viral RNA transcription and finally the inhibition of virus 

replication [6, 13-16]. Further studies demonstrated that remdesivir was a 

broad-spectrum antiviral agent with satisfactory activity against a wide array of RNA 

viruses, including coronaviridae (such as SARS-CoV and MERS-CoV), 

paramyxoviridae (such as Nipah virus, respiratory syncytial virus, and Hendra virus), 

and filoviridae (such as Ebola virus) [14, 15, 17-19]. SARS-CoV-2 is highly 

homologous to SARS-CoV [20] in terms of both genome (79.6%) and amino acid 

sequences of seven conserved nonstructural proteins (94.4%) [21]. Thus, remdesivir 

was tested as a candidate drug for COVID-19. The in vitro antiviral experiments and 

compassionate use in COVID-19 patients gave encouraging results for remdesivir [15, 

22], and it was approved for the treatment of COVID-19 requiring hospitalization on 

October 22, 2020 [11]. 

Unlike EBOV, the leading cause of death among SARS-CoV-2-infected people is 

acute respiratory distress syndrome (ARDS) [23] instead of severe systemic disease 

[24, 25], indicating that the treatment for COVID-19 should focus on the respiratory 

system, especially the lung. However, remdesivir was not able to exert fully a 

therapeutic effect in the lung because of poor accumulation after intravenous injection 

and low expression of the enzymes necessary for activation [26, 27]. In fact, a 

growing body of evidence suggests that remdesivir also does not achieve optimal 

results in COVID-19 patients [28]. On the other hand, the dose regimen for 

remdesivir is 200 mg administered intravenously on the first day, followed by 100 mg 

daily for 4-9 consecutive days [6]. The low water solubility (<0.03 mg/ml) [29] of 

remdesivir, which cannot be satisfied with the relatively large administration dosage, 

will raise difficulties for the preparation process. Gilead Sciences, Inc. used the 

cyclodextrin inclusion technique to increase the solubility of remdesivir. A 30-fold of 

sulfobutyl ether-β-cyclodextrin (SBE-β-CD) was used to ensure the complete 

inclusion of remdesivir [30]. The direct entry of a large amount of SBE-β-CD into the 
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bloodstream limited the use of remdesivir in patients with renal insufficiency [30-32]. 

In addition, the intravenous route is not commonly used for self-administration of 

medicine, which would limit its application under the shortage of medical resource. 

Therefore, an improved delivery method for remdesivir with increased solubility, 

optimized in vivo behavior and convenient administration route is urgently needed. 

Pulmonary delivery of remdesivir through inhalation administration is an 

appropriate strategy that can bypass the serious liver first-pass effect for remdesivir 

and considerably increase the drug concentration in the lung [33-35]. More drugs 

accumulating in the lung also lead to a reduction in dosage and a decrease in systemic 

side effects [36-38]. Other benefits of pulmonary delivery include a large absorption 

area, rapid onset of pharmacological action and good compliance [39, 40]. Liposome 

is an emerging carrier for pulmonary drug delivery [41-43]. It has outstanding 

biocompatibility with alveolar surfactants, whose main components are also lipids 

(90%) [44, 45]. Through liposome encapsulation and pulmonary administration, the 

preparation of remdesivir combined the advantages of both liposomes and inhalant. 

The solubility and stability of remdesivir can be enhanced through incorporation into 

the lipid bilayer of liposomes. At the same time, liposomes also help to reduce the 

stimulation of remdesivir in the respiratory tract and lung. Direct delivery of 

remdesivir into the lung by liposomal aerosols ensures a higher accumulation and 

longer retention time of the drug in disease lesions, which will be beneficial for the 

enhanced therapeutic effect of remdesivir against SARS-CoV-2. 

In this study, we developed remdesivir liposome (Rdv-lips) aerosols, which can 

be supplied in the form of lyophilized liposome powder and reconstituted to liposomal 

suspension for pulmonary delivery. The Rdv-lips exhibited not only good 

drug-loading capacity and aerodynamic properties, but also improved in vivo behavior 

with a much higher concentration of NTP in the lung as illustrated in Scheme 1. All 

these results provide promising prospects for Rdv-lips aerosols to be applied in 

COVID-19 treatment with enhanced therapeutic effects. 
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2. Materials and methods 

2.1. Materials 

Remdesivir with more than 97% purity was furnished from Nanjing Kang Chuan 

Ji Pharmaceutical Co., Ltd. (Nanjing, China). Sulfobutyl ether-β-cyclodextrin 

(SBE-β-CD) was purchased from Qianhui Biotechnology Co., Ltd. (Shandong, China). 

Both 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol) 

-2000] (DSPE-PEG2000) were purchased from Shanghai AVT Pharmaceutical 

Technology Co., Ltd. (Shanghai, China). Cholesterol and trehalose were purchased 

from Sigma-Aldrich Co., Ltd. (Jiangsu, China). 

1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine iodide (DiR) was purchased 

from Thermo Fisher Scientific Inc. (Shanghai, China). A remdesivir triphosphate 

standard (NTP, GS-443902) was purchased from Shanghai Biochempartner Co., Ltd. 

(Shanghai, China). Sofosbuvir triphosphate internal standard (PSI-7409) was 

purchased from MedChemExpress LLC. (Shanghai, China), and interleukin-6 (IL-6), 

interleukin-10 (IL-10) and tumor necrosis factor-α (TNF-α) ELISA kits were 

purchased from MULTI Science Biotech Co., Ltd. (Hangzhou, China). A high 

mobility group box 1 protein (HMGB-1) ELISA kit was purchased from Elabscience 

Biotechnology Co., Ltd. (Wuhan, China). A549 cells and fetal bovine serum were 

purchased from Nanjing KeyGEN Biotech Co., Ltd. (Nanjing, China). RPMI-1640, 

trypsin and penicillin-streptomycin solution were purchased from Nanjing 

FcmacsBiotech Co., Ltd. (Nanjing, China). 

2.2. Preparation of Rdv-lips and Rdv-cyc 

Rdv-lips were prepared by a film hydration method. Lipids (DPPC: cholesterol: 

DSPE-PEG2000 = 7:2:1) and remdesivir were dissolved in chloroform solutions with 

different remdesivir concentrations and then dried at 45 °C by a rotary evaporator 

(Nanjing Keer Instrument Equipment Co., Ltd., Nanjing, China) for 2 h to form a thin 

film, followed by the addition of pH 6.5 PBS to hydrate the film for 40 min. The film 
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solution was treated with a micro ultrasonic probe (Scientz Biotechnology Co., Ltd., 

Ningbo, China) at 200 W for 10 min. The unencapsulated drugs were removed 

through ultrafiltration (MWCO = 3500 Da) by centrifuging at 8000 rpm for 10 min. 

The prepared Rdv-lips were freeze-dried by an LGJ-18C lyophilizer (Sihuan 

Scientific Instrument Co. Ltd., Beijing) with the addition of trehalose (5%, w/w) to 

obtain white solid powder for long-term storage. 

Rdv-cyc was prepared by the following steps. SBE-β-CD was weighed and 

dissolved in water, and then the solution was acidified by the addition of HCl (1 

mol/l). Remdesivir was added and stirred until it completely dissolved, and the pH 

was adjusted to 4 by sodium hydroxide (1 mol/l). A certain procedure was followed to 

freeze and freeze-dry the remdesivir solution to obtain a white solid powder [29]. All 

the Rdv-lips samples and Rdv-cyc samples used in experiments were reconstituted 

from lyophilized powder unless otherwise indicated. 

The DiR-cyc and DiR-lips were prepared using the same method with Rdv-cyc 

and Rdv-lips, respectively, by replacing remdesivir with DiR. 

2.3. Characterization 

The average particle size, polydispersity index (PDI), and ζ-potential of 

liposomes were measured with a dynamic laser scatter instrument (Brookhaven 

Instruments, Holtsville, NY) at room temperature based on the operating guidelines of 

dynamic light scattering (DLS). 

Morphological observation of the samples was performed by JEM-1230 TEM 

(Tokyo, Japan) with an accelerating voltage of 200 kV. The Rdv-lips used in TEM 

examination were fresh prepared liposome suspension to remove the influences of 

cryoprotectant. Before the TEM examination, a drop of the sample was deposited on 

the carbon network and stained with 2% (v/v) phosphortungstic acid for 3 min. The 

excess samples and liquid were removed with filter paper and then dried at 25 °C. 

The encapsulation efficiency (EE) and drug loading efficiency (DL) of Rdv-lips 

were determined by ultraviolet (UV) spectrophotometry (Shimadzu, Suzhou, China) 

at a wavelength of 245 nm. Before measurement, the liposomes were diluted with 

methyl alcohol to the appropriate concentration. EE and DL were calculated using the 

following equations: 
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EE (%)=
We

Wt

×100% 

DL (%)=
We

We+Wl

×100%, 

where Wt, We, and Wl are the weight of the drug fed to the liposomes, the 

detected weight of the drug encapsulated in the liposomes, and the weight of the lipid 

added to the system, respectively. 

2.4. Drug release 

Drug release was performed by a dialysis method using an RC806D dissolution 

tester (TDTF, Tianjin, China). An appropriate amount of different Rdv-lips suspension 

(Freshly prepared Rdv-lips: Rdv-lips suspension prepared before the dissolution test 

without lyophilization; Lyophilized Rdv-lips: Rdv-lips freeze-dried powder 

reconstituted by saline; Lyophilized Rdv-lips after atomization: Rdv-lips suspension 

collected after atomization of reconstituted Rdv-lips freeze-dried powder.) equivalent 

to 0.45 mg remdesivir was added into a dialysis tube (MWCO 3500 Da) and 

incubated with 200 ml simulated lung fluid (SLF) at 37 °C with a stirring speed of 50 

RPM. SLF was prepared according to previous reports [46, 47]. Aliquots were drawn 

at predetermined time points (5, 10, 15, 30, 60, 120, 240 and 360 min), and the 

medium was immediately replenished with fresh SLF. The release of remdesivir at 

different time points was measured by high-performance liquid chromatography 

(HPLC) which details were provided in the supplementary information.  

2.5. Stability  

The stability of Rdv-cyc solution under different temperature was measured by 

HPLC. Rdv-cyc solution was kept at 10 ℃, 25 ℃ and 40 ℃ separately and aliquots 

were drawn at predetermined time points (0, 2, 6 and 24h). The HPLC analysis 

method was the same as that described in “2.4. Drug Release”. The total impurities 

content was calculated by area normalization method. The stability of Rdv-lips 

evaluation lasted for 10 d. The freeze-dried powder of Rdv-lips was reconstituted with 

RO water, saline, and pH 6.5 PBS, respectively, and stored at 4 ℃ and 25 ℃. At 

predetermined time points (0, 6, 12, 24, 36, 48, 72, 96 and 240 h), the samples were 

withdrawn and determined size and PDI as described above. 
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The long-term stability of lyophilized Rdv-lips lasted for 6 months. The 

freeze-dried powder of Rdv-lips was stored at 4 ℃ and was reconstituted at 

predetermined time point to measure the size, PDI, EE and DL as described above. 

2.6. In vitro aerosol characterization  

The size distribution of aerodynamic particles was measured by Next Generation 

Impactor (NGI)-120 (Copley Scientific Ltd., UK). The NGI was operated at a flow 

rate of 15 l/min using a high capacity pump precooled to 5 °C for 90 min. Four 

milliliters of Rdv-lips suspension or Rdv-cyc solution was nebulized into the NGI. 

After 10 min of atomization, the sample plates of stages 0-7 and the filter paper of the 

micro-orifice collector (MOC) were washed with methyl alcohol to collect the sample. 

All the samples were centrifuged at 8000 RPM for 5 min, and the supernatant was 

collected for HPLC determination. The mass median aerodynamic diameter (MMAD), 

fine particle fraction (FPF) and geometric standard deviation (GSD) were calculated 

by Copley Inhaler Testing Data Analysis Software (Version 3.10). 

The BPS1100 breath simulator (Copley Scientific Ltd., UK) and filter device 

were installed according to the guidelines. Two milliliters of Rdv-lips suspension or 

Rdv-cyc solution was added to the atomization cup. The breath simulator was set to 

adult mode (breathing rate: 15 cycles/min, tidal volume: 500 ml and ratio of 

inhalation to exhalation time 1:1). The samples of the first stage (the first minute) and 

the second stage (the remaining time) were collected by washing the filter paper with 

methyl alcohol. Then, the samples were centrifuged at 8000 RPM for 5 min to collect 

supernatant for HPLC determination. 

2.7. Cell culture 

A549 cells were cultured in RPMI 1640 medium containing a combination of 10% 

fetal bovine serum and 1% penicillin streptomycin at 37 ℃ with 5% CO2. Trypsin 

was used for cells harvested. 

2.8. Laboratory animal care  

All experimental animals were purchased from the Sino-British SIPPR/BK Lab. 

Animal Ltd. (Shanghai, China) and were cared for in accordance with the Principles 

of Experimental Animal Care and Guide for the Care and Use of Laboratory Animals. 
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All animal experiments were carried out in accordance with the plan approved by the 

China Pharmaceutical University Institutional Animal Care and Use Committee. 

2.9. In vivo pharmacokinetics and tissue distribution 

Normal BALB/c mice (male, 18-22 g) were treated with Rdv-cyc (intravenous 

injection), Rdv-cyc (transtracheal injection), or Rdv-lips (transtracheal injection) at a 

remdesivir dosage of 20 mg/kg per mouse. For the determination of NTP 

pharmacokinetics in the lung, the mice (n = 3) were ordinally sacrificed to isolate the 

lung tissue at predetermined time points (1, 2, 4, 8, 12 and 24 h). Precold extraction 

buffer containing 0.1% potassium hydroxide and 67 mM EDTA in 70% methanol [14] 

and 0.2 μM sofosbuvir triphosphate (internal standard) was added and homogenized. 

The homogenate was centrifuged at 20 000 g for 20 min, and then the supernatants 

were collected and dried in a centrifugal vacuum concentrator (Labconco Corporation, 

USA). The dried samples were reconstituted with 100 μl mobile phase and then 

centrifuged at 20 000 g for 20 min. The NTP concentration in supernatants was 

determined by LC/MS/MS experiments, which details were provided in the 

supplementary information. For the determination of NTP tissue distribution, the mice 

(n = 6) were ordinally sacrificed to isolate the tissue (the heart, liver, spleen, lung, 

kidney, brain, and testis) at predetermined time points (4 h and 24 h). The sample 

treatment method and LC/MS/MS method were the same as above. 

2.10. In vitro cell uptake 

The cell uptake experiment was performed on A549 cells, a cell line derived 

from a human adenocarcinoma of the lung, which resemble type II alveolar epithelial 

cell [48] and are widely used in the study of the drug delivery and metabolic at the 

pulmonary epithelium [49-51]. A549 cells were inoculated in 12-well plates at a 

density of 1×10
5
 cells per well and cultured for 24 h. The DiR-cyc and DiR-lips were 

added into 12-well plates at a fixed concentration of 0.1 μg/ml DiR. After 1 h, 2 h and 

4 h co-cultured, the cells were washed with cold PBS for 3 times and resuspended in 

500 μl of PBS for flow cytometry analysis (Accuri C6, BD, America). 
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2.11. In vivo safety study  

To evaluate the in vivo safety of different preparations, thirty normal BALB/c 

mice (male, 18-22 g) were randomly divided into five groups (n = 6) and received 

control (saline, inh., once a day), blank lips (blank liposomes 100 mg/kg, inh., once a 

day), Rdv-cyc (remdesivir 20 mg/kg, i.v., once a day), Rdv-cyc (remdesivir 20 mg/kg, 

inh., once a day) and Rdv-lips (remdesivir 20 mg/kg, inh., once a day) treatments. The 

Rdv-lips and Rdv-cyc were prepared as described above, and the two inhalation 

groups were administrated by intratracheal instillation [52, 53]. The body weight was 

measured every 2 d during the treatment period. Ten days after administration, the 

mice were sacrificed to isolate the major tissues for hematoxylin-eosin staining (H&E) 

analysis. Serum, lung tissue homogenate and bronchoalveolar lavage fluid (BALF) 

were collected for enzyme-linked immunosorbent assay (ELISA). 

2.12. H&E stain  

The histomorphology of different tissues was detected using H&E (Cat: C0105S; 

Beyotime) kits and performed according to the standard instructions. The isolated 

tissues were fixed in 4% paraformaldehyde and paraffin-embedded to prepare 5 μm 

sections. The sections were observed under an optical microscope (Ts2R, Nikon, 

Japan) to provide a final report in 5 representative fields. 

2.13. ELISA  

IL-6, IL-10, TNF-α and HMGB-1 levels in serum, BALF were measured using 

mouse ELISA Kits according to the manufacturer’s instructions. The levels of these 

cytokines were measured by Varioskan Flash (POLARstar, Omega, Germany). 

2.14. Statistical analysis  

Data are presented as the mean ± standard deviation (SD). Statistical analysis 

was conducted by one-way analysis of variance (ANOVA), and a P value less than 

0.05 was considered significant. 
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3. Results and Discussion 

3.1. Preparation and characterization 

In this study, Rdv-lips aerosol was developed to improve the in vivo behavior of 

the existing Rdv-cyc injection. Liposomes, which exhibit excellent biocompatibility, 

biodegradability and drug loading ability [54], were chosen as solubilizer of 

remdesivir to replace SBE-β-CD. Half of the lipid that comprises 90% of pulmonary 

surfactant is DPPC [44, 45]. Therefore, DPPC was employed as the main liposome 

material for better biocompatibility.  

Rdv-lips were prepared by film hydration followed by the probe supersonic 

method. A series of Rdv-lips with different drug/lipid ratios were prepared to study 

the effect of remdesivir on liposomes (Table 1). The encapsulation of remdesivir 

modestly increased the size of liposomes from 105.4±1.7 nm (blank liposomes) to 

approximately 120 nm and showed a negligible influence on zeta potential (from 

-5.46±1.42 mV (blank liposomes) to approximately -7 mV). The nanoscale of the 

liposomes could help it to evade the clearance of macrophages [55, 56]. Through 

liposome encapsulation, the solubility of remdesivir could be increased dramatically 

with DL up to 11.10% (Table 1). This enabled the reduction of excipients compared to 

Rdv-cyc which needed as high as 30-fold cyclodextrin to ensure the complete 

inclusion according to the product description of Gilead Sciences, Inc [30]. The 

spherical morphology and uniform size of Rdv-lips were confirmed by TEM, and a 

smaller size of approximately 60 nm of Rdv-lips was observed in Fig. 1B, which 

might be the result of losing the hydrated layer during sample preparation. 

3.2. In vitro stability and drug release 

The stability of Rdv-cyc solution was investigated by HPLC method. The total 

impurities increased quickly over time even at a lower temperature (Table S1), 

indicating a poor stability of remdesivir in solution consistent with the previous report 

[57, 58]. To maintain the stability of liposomes during long-term storage, the Rdv-lips 

could be lyophilized in the presence of cryoprotectants, such as trehalose and lactose. 
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Lyophilization also helped to concentrate the liposomes to meet the requirement of 

administration dosage. After lyophilization, the size of Rdv-lips increased to 

238.1±3.2 nm with a slight decrease in EE and DL (Table S2). Reconstitution with an 

appropriate solvent would help to ensure the stability and uniformity of the 

preparation during ultrasonic atomization and storage. The size and PDI of the 

liposomes reconstituted with different solvents and stored at room temperature (25 ℃) 

or low temperature (4 ℃) were measured at predetermined time points (Fig. 1D and 

1E). While an increase in size was observed in the reconstituted preparation, the 

liposomes displayed excellent stability in all three kinds of solvents (water, saline and 

pH 6.5 PBS) with slight variations (<5%) in size and small PDI values, which 

provided a basis to avoid aggregation and sedimentation during ultrasonic atomization. 

On the other hand, the long-term stability of lyophilized Rdv-lips was further 

evidenced by the stable size, PDI and negligible leakage of remdesivir from 

liposomes measured after a 6-month storage (Table S3). The good stability of 

Rdv-lips provides prospects for large-scale industrial production.  

The release profile was further investigated in SLF [46, 47] based on HPLC 

assay. Remdesivir was released from freshly prepared liposomes at a moderate speed, 

and more than 85% of the drugs were released in 6 h (Fig. 1C). Lyophilization was 

reported to change the size, morphology and bilayer structure of liposomes, and 

finally affected the release profile [59]. Lyophilized Rdv-lips showed a slower release 

rate at the early periods and a slightly higher total release amount (>90%). The 

changes of release profile maybe caused by the interaction between cryoprotectants 

and the lipid bilayer [60, 61]. 

3.3. In vitro aerosol characterization 

The aerodynamic diameter of an airborne particle is the key property that directly 

affects drug deposition and clinical efficacy. Particles with a mass median 

aerodynamic diameter between 1 μm and 5 μm can easily reach the lower respiratory 

tract and deposit on the surface of the trachea, bronchi and alveoli. Out of this range, 

larger particles tend to deposit in the oropharynx and upper respiratory tracts, and 

smaller particles will be eliminated from the lung during exhalation [45, 62]. 
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To determine the in vitro aerodynamic behavior of the drug particles, the 

Rdv-lips suspension was nebulized into NGI. Previous studies reported that solutions 

of cyclodextrin inclusion compound could undergo aerosolization and produce 

droplets with appropriate size for pulmonary delivery [63]. Therefore, Rdv-cyc 

solution was chosen as the control group to observe the effect of liposomal vehicles 

on aerodynamic parameters better. According to Fig. 2, compared to Rdv-cyc, the size 

distribution of Rdv-lips shifted slightly to the left, which meant that liposomes lead to 

an increase in the aerodynamic diameter of airborne particles [64]. FPF of Rdv-lips 

exhibited that more than 50% of the aerosol particles were below 5 μm. The MMAD 

of Rdv-lips was 4.118±0.104μm. GSD was ~2, which indicated a narrow distribution 

for Rdv-lips [64]. Although these two formulations were different in MMAD, FPF, 

and GSD, they both possessed good characteristics for pulmonary delivery (Table 2). 

The study of delivery rate and total delivery amount was conducted by a 

respiratory simulator and filtration system to further investigate the delivery 

properties of liposomes. Rdv-lips showed a faster delivery rate and higher total 

delivery amount than Rdv-cyc, indicating better pulmonary delivery properties for 

Rdv-lips with less loss of drug during ultrasonic atomization (Table 3). 

3.4. Atomization stability 

The suspension of Rdv-lips after nebulization was collected to determine the 

influence of ultrasonic atomization (Table S4). Significant decrease in size and PDI of 

Rdv-lips was observed after atomization, which could attribute to the shearing 

provided by the nebulizer [65]. The force may lead to the fragmentation of the 

liposomes and the leakage of the drug. However, there was a little decrease in EE and 

DL of Rdv-lips after atomization. According to previous studies, hydrophobic drugs 

kept better physical stability during atomization than hydrophilic drugs, which 

explained the little leakage of Rdv-lips. Notably, the significant change in size after 

atomization did not affect the release profile of Rdv-lips (Fig. 1C), which meant that 

the size of liposomes was not the key factor for the release of remdesivir. 

  

                  



15 
 

 

3.5. Pharmacokinetics of NTP in the lung 

A previous report indicated that plasma exposure to remdesivir and even NTP 

could not reflect the clinical efficacy well [26]. Remdesivir was designed as a prodrug 

of nucleoside monophosphate (Nuc-MP) to improve its cell membrane permeability. 

It was extremely unstable in the presence of plasma esterase (T1/2 < 5 min). After 

entering the blood stream, remdesivir distributed into the peripheral blood 

mononuclear cells (PBMCs) rapidly and converted to NTP [14, 17]. However, due to 

the negative charge and the polarity, NTP and the intermediate metabolites would be 

trapped inside the cell. Hence, both remdesivir and NTP were hard to be determined 

in plasma. The entrapment of NTP inside PBMCs also limited its tissue permeation 

and distribution, making it hard to correlate the plasma exposure with tissue 

concentration [26]. When in the tissue, remdesivir converted to NTP rapidly and 

became the predominant intracellular metabolite with a much longer half-life [14, 17]. 

Therefore, the concentration of pharmacological active NTP in tissue, especially in 

lung which primarily affected by virus, would be a better indicator for the comparison 

of different preparations of remdesivir. 

To evaluate the improvements of Rdv-lips for pulmonary delivery, we 

determined the pharmacokinetics of NTP in the lung of different preparations, which 

had a direct link with the in vivo efficacy. Rdv-cyc solution given by intravenous 

injection was chose as a control group to show the enhancement of Rdv-lips 

inhalation group (Rdv-lips inh.) compared to the commercial product of Gilead 

Sciences, Inc. Additionally, cyclodextrins including SBE-β-CD have been widely 

studied as solubilizer for pulmonary delivery [66-68]. Therefore, Rdv-cyc solution 

was also used for inhalation as a positive control to deliver the insoluble remdesivir to 

lung.  

In line with our expectations, two aerosols exhibited remarkable pulmonary 

accumulation because of the direct delivery of remdesivir to the lung (Fig. 3A and 3B). 

Compared to that of the Rdv-cyc intravenous injection group (Rdv-cyc i.v.), a nearly 

100-fold increase in peak NTP concentration in the Rdv-lips inh. and a 77-fold 
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increase in the Rdv-cyc inhalation group (Rdv-cyc inh.) were detected, indicating the 

incomparable superiority of the pulmonary delivery system. In the two inhalation 

groups, differences in dosage form caused differences in their pharmacokinetic 

profiles (Fig. 3A, B). Liposomes group displayed much quicker transition from 

remdesivir to NTP as its peak concentration appeared at the first time point (1 h after 

administration) compared to cyclodextrin group, whose Tmax was at 4 h after the 

administration. This result could be explained by the high drug loading rate and cell 

membrane biocompatibility of liposomes, leading to quicker and higher cell uptake of 

remdesivir. The cell uptake ability of Rdv-lips was reinforced by the results in A549 

cells (Fig. S1). DiR was used as a substitute of remdesivir due to its hydrophobicity. 

Compared to DiR-cyc, DiR-lips displayed a much better cell uptake in both rate and 

amount, which was consistent with the rapid intracellular NTP conversion of Rdv-lips 

in vivo. It was unexpected that direct pulmonary delivery did not change the Tmax in 

lung of Rdv-cyc compared to intravenous injection (Fig. 3B), which meant that the 

administration site of Rdv-cyc was not the determinant of the NTP conversion speed 

in lung. 

3.6. Tissue distribution of NTP 

The tissue distribution of NTP was further investigated to provide an overall 

description of the behavior of NTP in vivo (Fig. 3C and 3D). 4 h later after 

administration, Rdv-lips inh. displayed a much higher NTP content in the lung than 

that of Rdv-cyc i.v., with a 35-fold increase in NTP concentration. This ratio remained 

13-fold even at 24 h after administration. Rdv-cyc inh. showed a relatively high NTP 

content resembling Rdv-lips inh. However, Rdv-lips inh. always displayed a 

significantly higher NTP concentration than Rdv-cyc inh. at 4 h or 24 h after 

administration, indicating better pulmonary accumulation of Rdv-lips. This could be 

explained by the retention capability and rapid cell uptake of liposomes, leading to the 

entrapment of more remdesivir in the lung and their conversion to NTP. 

However, liver possessed a much higher NTP concentration than lung in all the 

groups. Because the enzymes involving in the bioactivation of remdesivir, such as 

carboxylesterases (CES1), cathepsin A (CTSA) and phosphoramidases (histidine triad 
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nucleotide binding proteins, HINTs), all had high expression in the liver [27, 69-71]. 

Thus, a larger quantity of remdesivir could be quicker conversed to NTP in liver, 

reducing the amount of remdesivir activated in lung, especially in intravenous group. 

The high NTP concentration in kidney was in line with the fact that kidney is the main 

excretory organ of remdesivir [30], and higher NTP concentration indicating a quicker 

clearance of the drug. For other organ like heart, spleen, brain and testis, Rdv-lips inh. 

always exhibited a significant decrease in NTP accumulation compared to the other 

two groups, implying less possibility for Rdv-lips to cause systemic toxicity. This 

phenomenon could be explained by the excellent characteristic of liposomes to 

accumulate at the administration site. According to the previous report, a high 

concentration of remdesivir was detected in testis and epididymis at 4 h after 

administration [17]. And in brain, although the remdesivir concentration was not as 

higher as other tissue, it remained detectable above the drug plasma levels 168 h after 

injection [17]. Nevertheless, our results of NTP tissue distribution did not show the 

same tendency. In the one hand, even though the high fat content made lipophilic 

remdesivir tend to distribute in these tissues [72], the enzymes for the bioactivation of 

remdesivir were low expressed in these tissues. In the other hand, the administration 

route of inhalation and the preparation form of liposome also reduced the drug 

accumulation in these tissues. 

3.7. In vivo safety evaluation 

One of the advantages of aerosols is the lower possibility of inducing systemic 

side effects because a large amount of drugs are directly delivered to the lesion and 

exert efficacy there [73]. For Rdv-lips, it also has the better biocompatibility and less 

excipients dosage to improve its safety compared to Rdv-cyc. IL-6, TNF-α, and 

HMGB-1 were measured as proinflammatory cytokine indicators, and IL-10 was 

measured as an anti-inflammatory cytokine indicator to evaluate inflammation after 

treatment (Fig. 4) [74-76]. Interestingly, in lung-associated samples, such as lung 

homogenate and BALF, only Rdv-cyc inh. showed an increase in proinflammatory 

cytokines and a decrease in anti-inflammatory cytokines, indicating slight lung 

inflammation that was induced by the successive administration of Rdv-cyc in the 
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lung (Fig. 4A and 4B). In regard to plasma samples that reflected systemic 

inflammation, Rdv-cyc i.v. exhibited a tendency toward inflammation with the 

upregulation of IL-6 and HMGB-1 and the downregulation of IL-10 (Fig. 4C). In 

contrast, both the blank-lips (inh.) and Rdv-lips inh. had good safety performance 

with no difference between them and the control group in ELISA results (Fig. 4A-4C). 

H&E analysis in the main organs did not show any change in histology or 

morphology (Fig. 5). The body weights of mice during administration were not 

significantly different between groups. These results showed that none of the 

preparations had obvious organ toxicity or systemic toxicity (Fig. 6). 

Many studies have implied that intravenous injection might not be the proper 

mode for the administration of remdesivir due to the following reasons: (1) remdesivir 

had poor stability in plasma, leading to a concentration lower than EC50 when it 

reached lung; (2) the quick distribution in PBMCs of remdesivir limited its tissue 

penetration, because remdesivir efficiently converted to NTP with low membrane 

permeability in cells; (3) the abundant enzymes necessary for the bioactivation of 

remdesivir were highly expressed in liver and kidney, which further reduced the 

amount of drug reaching lung.  

Pulmonary delivery of remdesivir can solve these problems by direct 

administration to lung [77, 78]. There have been some studies on the other 

preparations for pulmonary delivery of remdesivir, including dry powder inhalant and 

even liposomal aerosols [57, 79]. These preparations also possessed high drug content 

and good lung deposition efficiency. However, Rdv-lips inh. still have some special 

advantages. Compared to other preparations for pulmonary delivery, the 

biocompatibility and size of liposomes endowed Rdv-lips with faster cell uptake and 

the ability to evade macrophage clearance [55, 56], leading to efficient NTP 

conversion in the targeted cells (alveolar epithelial cells). Rdv-lips inh. are more 

convenient for self-administration using ultrasonic nebulizer. The easy operation 

makes it have better compliance in some special populations like severe patients, old 

man and children [80, 81]. Compared to other liposomal aerosols, Rdv-lips were 

provided as the form of lyophilized powder to improve the stability of remdesivir and 
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prolong the shelf-life. DPPC, the main material of Rdv-lips, is one of the few carrier 

materials for inhalation approved by the FDA, which makes it easier for industrial 

production. 

In this study, the great increase of NTP concentration and accumulation in lung 

validated that Rdv-lips inh. is a potent strategy to improve the in vivo behavior of 

remdesivir to exert better therapeutic effects. However, this result could not fully 

reflect the real situation in human body because of the different enzymes activity and 

conversion rates of NTP between species. The actual benefit brought by the Rdv-lips 

aerosol needs further exploration through more preclinical and clinical trials. 

4. Conclusion 

In summary, we developed lyophilized Rdv-lips administered by pulmonary 

inhalation for COVID-19 treatment. The Rdv-lips were uniform and stable with good 

aerodynamic properties. Compared to the existing Rdv-cyc injection, even Rdv-cyc 

aerosol, Rdv-lips aerosol demonstrated significantly increased NTP concentration and 

improved accumulation in the lung as well as had better safety. The optimization of in 

vivo behavior by Rdv-lips aerosol will be beneficial for remdesivir to overcome the 

existing limitations and to exert better therapeutic effects. Additionally, based on the 

broad antiviral ability of remdesivir, we hope that remdesivir liposome aerosols can 

play a role in more viral diseases, such as Severe Acute Respiratory Syndrome (SARS) 

and Middle East respiratory syndrome (MERS). 

Conflicts of interest 

The authors declare that they have no known competing financial interests or 

personal relationships that could have appeared to influence the work reported in this 

paper. 

  

                  



20 
 

 

Acknowledgements 

This work was supported by National Natural Science Foundation (81871477, 

81603051, and 81673377), Natural Science Foundation of Jiangsu Province 

(BK20160760 and BK20170748), The Anti-COVID-19 Emergency Research Project 

of China Pharmaceutical University (2632020ZX007), The Creation of Major New 

Drugs National Major Projects (2017ZX09101001-004), Fundamental Research 

Funds for the Central Universities (2016ZPY015, 2632017PY18). The authors thank 

CHIATAI TIANQING Pharmaceutical Group Co., Ltd. for the assistance with Next 

Generation Impactor (NGI).  

References  

[1] Wu ZY, Mcgoogan JM. Characteristics of and important lessons from the coronavirus disease 2019 

(COVID-19) outbreak in China: Summary of a report of 72 314 cases from the chinese center for 

disease control and prevention. JAMA 2020; 323(13): 1239-42. 

[2] https://www.worldometers.info/coronavirus/. (13/8/2021) 

[3] Ko WC, Rolain JM, Lee NY, Chen PL, Hsueh PR. Arguments in favor of remdesivir for treating 

SARS-COV-2 infections. Int. J. Antimicrob. Agents 2020: 105933. 

[4] Andersen KG, Rambaut A, Lipkin WI, Holmes EC, Garry RF. The proximal origin of SARS-COV-2. 

Nat. Med. 2020; 26(4): 450-52. 

[5] Zhu YF, Li J, Pang ZQ. Recent insights for the emerging COVID-19: drug discovery, therapeutic 

options and vaccine development. Asian J. Pharm. Sci. 2021; 16(1): 4-23. 

[6] Grein J, Ohmagari N, Shin D, Diaz G, Flanigan T. Compassionate use of remdesivir for patients 

with severe COVID-19. N. Engl. J. Med. 2020; 382(24):2327-36. 

[7] Contini C, Gallenga CE, Neri G, Maritati M, Conti P. A new pharmacological approach based on 

remdesivir aerosolized administration on SARS-COV-2 pulmonary inflammation: a possible and 

rational therapeutic application. Med. Hypotheses 2020; 144: 109876. 

[8] Liang C, Tian L, Liu Y, Hui N, Qiao G, Li H, et al. A promising antiviral candidate drug for the 

COVID-19 pandemic: a mini-review of remdesivir. Eur. J. Med. Chem. 2020; 201: 112527. 

[9] Wiersinga WJ, Rhodes A, Cheng AC, Peacock SJ, Prescott HC. Pathophysiology, transmission, 

diagnosis, and treatment of coronavirus disease 2019 (COVID-19): a review. JAMA 2020; 324(8): 

782-93. 

[10] The diagnosis and treatment scheme of COVID-19 (the reverse version of the trial eighth version). 

National Health Commission of the People's Republic of China 2021. 

[11] FDA approves first treatment for COVID-19[EB/OL] 

https://www.fda.gov/news-events/press-announcements/fda-approves-first-treatment-covid-19. 

(13/8/2021). 

  

                  



21 
 

 

[12] Siegel D, Hui HC, Doerffler E, Clarke MO, Chun K, Zhang L, et al. Discovery and synthesis of a 

phosphoramidate prodrug of a pyrrolo[2,1-f][triazin-4-amino] adenine c-nucleoside (GS-5734) for the 

treatment of ebola and emerging viruses. J. Med. Chem. 2017; 60(5): 1648-61. 

[13] Amirian ES, Levy JK. Current knowledge about the antivirals remdesivir (GS-5734) and 

GS-441524 as therapeutic options for coronaviruses. One Health 2020; 9: 100128. 

[14] Sheahan TP, Sims AC, Graham RL, Menachery VD, Gralinski LE, Case JB, et al. Broad-spectrum 

antiviral GS-5734 inhibits both epidemic and zoonotic coronaviruses. Sci. Transl. Med. 2017; 9(396): 

eaal3653. 

[15] Wang ML, Cao RY, Zhang LK, Yang XL, Liu J, Xu MY, et al. Remdesivir and chloroquine 

effectively inhibit the recently emerged novel coronavirus (2019-ncov) in vitro. Cell Res. 2020; 30(3): 

269-71. 

[16] Sheahan TP, Sims AC, Leist SR, Schäfer A, Won J, Brown AJ, et al. Comparative therapeutic 

efficacy of remdesivir and combination lopinavir, ritonavir, and interferon beta against mers-cov. Nat. 

Commun. 2020; 11(1): 222. 

[17] Warren TK, Jordan R, Lo MK, Ray AS, Mackman RL, Soloveva V, et al. Therapeutic efficacy of 

the small molecule GS-5734 against ebola virus in rhesus monkeys. Nature 2016; 531(7594): 381-5. 

[18] Lo MK, Jordan R, Arvey A, Sudhamsu J, Shrivastava-Ranjan P, Hotard A L, et al. GS-5734 and its 

parent nucleoside analog inhibit filo-, pneumo-, and paramyxoviruses. Scientific Reports 2017; 7(1): 

43395. 

[19] De WitE, Feldmann F, Cronin J, Jordan R, Okumura A, Thomas T, et al. Prophylactic and 

therapeutic remdesivir (GS-5734) treatment in the rhesus macaque model of mers-cov infection. Proc. 

Natl. Acad. Sci. 2020; 117(12): 6771-6. 

[20] Huang LX, Rong Y, Pan Q, Yi KZ, Tang X, Zhang Q, et al. SARS-COV-2 vaccine research and 

development: Conventional vaccines and biomimetic nanotechnology strategies. Asian J. Pharm. Sci. 

2021; 16(2): 136-46. 

[21] Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A pneumonia outbreak associated 

with a new coronavirus of probable bat origin. Nature 2020; 579(7798): 270-3. 

[22] Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, et al. Remdesivir for the 

treatment of COVID-19 - final report. N. Engl. J. Med. 2020; 383(19):1813-26. 

[23] Ware LB. Physiological and biological heterogeneity in COVID-19-associated acute respiratory 

distress syndrome. Lancet Respir. Med. 2020; 8(12):1163-65. 

[24] Feldmann H, Sprecher A, Geisbert TW. Ebola. N. Engl. J. Med. 2020; 382(19): 1832-42. 

[25] Malvy D, Mcelroy AK, De Clerck H, Günther S, Van Griensven J. Ebola virus disease. Lancet 

2019; 393(10174): 936-48. 

[26] Sun D. Remdesivir for treatment of COVID-19: Combination of pulmonary and iv administration 

may offer aditional benefit. AAPS J. 2020; 22(4): 77. 

[27] Yan VC, Muller FL. Advantages of the parent nucleoside GS-441524 over remdesivir for covid-19 

treatment. ACS Med Chem Lett 2020; 11(7): 1361-6. 

[28] Wang YM, Zhang DY, Du GH, Du RH, Zhao JP, Jin Y, et al. Remdesivir in adults with severe 

COVID-19: A randomised, double-blind, placebo-controlled, multicentre trial. Lancet 2020; 

395(10236): 1569-78. 

[29] Larson N. Compositions comprising an RNA polymerase inhibitor and cyclodextrin for treating 

viral infections, 2019. 

                  



22 
 

[30] Fact sheet for health care providers emergency use authorization (EUA) of remdesivir 

(GS-5734™). 2020. 

[31] Stella VJ, He Q. Cyclodextrins. Toxicol. Pathol. 2008; 36(1): 30-42. 

[32] Von Mach MA, Burhenne J, Weilemann LS. Accumulation of the solvent vehicle sulphobutylether 

beta cyclodextrin sodium in critically ill patients treated with intravenous voriconazole under renal 

replacement therapy. BMC Clin. Pharmacol. 2006; 6(1): 6. 

[33] Eleftheriadis GK, Akrivou M, Bouropoulos N, Tsibouklis J, Vizirianakis IS, Fatouros DG. 

Polymer–lipid microparticles for pulmonary delivery. Langmuir 2018; 34(11): 3438-48. 

[34] Xi JX, Longest P. Effects of oral airway geometry characteristics on the diffusional deposition of 

inhaled nanoparticles. J. Biomech. Eng. 2008; 130(1): 011008. 

[35] Singh C, Koduri LVSK, Singh A, Suresh S. Novel potential for optimization of antitubercular 

therapy: Pulmonary delivery of rifampicin lipospheres. Asian J. Pharm. Sci. 2015; 10(6): 549-62. 

[36] Loira-Pastoriza C, Todoroff J, Vanbever R. Delivery strategies for sustained drug release in the 

lungs. Adv Drug Deliv Rev 2014; 75: 81-91. 

[37] Lakio S, Morton D a V, Ralph AP, Lambert P. Optimizing aerosolization of a high-dose l-arginine 

powder for pulmonary delivery. Asian J. Pharm. Sci. 2015; 10(6): 528-40. 

[38] Lee WH, Loo CY, Traini D, Young PM. Inhalation of nanoparticle-based drug for lung cancer 

treatment: advantages and challenges. Asian J. Pharm. Sci. 2015; 10(6): 481-9. 

[39] Wallin M, Tagami T, Chen L, Yang M, Chan HK. Pulmonary drug delivery to older people. Adv. 

Drug Delivery Rev. 2018; 135: 50-61. 

[40] Patton JS, Byron PR. Inhaling medicines: delivering drugs to the body through the lungs. Nat. Rev. 

Drug Discovery 2007; 6(1): 67-74. 

[41] Ngan CL, Asmawi AA. Lipid-based pulmonary delivery system: a review and future 

considerations of formulation strategies and limitations. Drug Delivery Transl. Res. 2018; 8(5): 

1527-44. 

[42] Chennakesavulu S, Mishra A, Sudheer A, Sowmya C, Suryaprakash Reddy C, Bhargav E. 

Pulmonary delivery of liposomal dry powder inhaler formulation for effective treatment of idiopathic 

pulmonary fibrosis. Asian J. Pharm. Sci. 2018; 13(1): 91-100. 

[43] Lee WH, Loo CY, Traini D, Young PM. Inhalation of nanoparticle-based drug for lung cancer 

treatment: Advantages and challenges. Asian J. Pharm. Sci. 2015; 10(6): 481-9. 

[44] Veldhuizen R, Nag K, Orgeig S, Possmayer F. The role of lipids in pulmonary surfactant. Biochim. 

Biophys. Acta 1998; 1408(2-3): 90-108. 

[45] Courrier HM, Butz N, Vandamme TF. Pulmonary drug delivery systems: recent developments and 

prospects. Crit. Rev. Ther. Drug Carrier Syst. 2002; 19(4-5): 425-98. 

[46] Sdraulig S, Franich R, Tinker RA, Solomon S, O'brien R, Johnston PN. In vitro dissolution studies 

of uranium bearing material in simulated lung fluid. J. Environ. Radioact. 2008; 99(3): 527-38. 

[47] Riley T, Christopher D, Arp J, Casazza A, Colombani A, Cooper A, et al. Challenges with 

developing in vitro dissolution tests for orally inhaled products (oips). AAPS PharmSciTech 2012; 

13(3): 978-89. 

[48] Shapiro DL, Nardone LL, Rooney SA, Motoyama EK, Munoz JL. Phospholipid biosynthesis and 

secretion by a cell line (A549) which resembles type Ⅱ alveolar epithelial cells. Biochim Biophys Acta 

1978; 530(2): 197-207. 

  

                  



23 
 

 

[49] Vartak R, Patil SM, Saraswat A, Patki M, Kunda NK, Patel K. Aerosolized nanoliposomal carrier 

of remdesivir: an effective alternative for COVID-19 treatment in vitro. Nanomed. 2021; 16(14): 

1187-202. 

[50] Foster KA, Oster CG, Mayer MM, Avery ML, Audus KL. Characterization of the A549 cell line as 

a type Ⅱ pulmonary epithelial cell model for drug metabolism. Exp. Cell Res. 1998; 243(2): 359-66. 

[51] Zellnitz S, Zellnitz L, Müller MT, Meindl C, Schröttner H, Fröhlich E. Impact of drug particle 

shape on permeability and cellular uptake in the lung. Eur. J. Pharm. Sci. 2019; 139: 105065. 

[52] Li ZT, Chen G, Ding L, Wang YX, Zhu CF, Wang KK, et al. Increased survival by pulmonary 

treatment of established lung metastases with dual STAT3/CXCR4 inhibition by siRNA nanoemulsions. 

Mol. Ther. 2019; 27(12): 2100-10. 

[53] Wang YX, Ding L, Li ZT, Chen G, Sun MJ, Oupicky D. Treatment of acute lung injury and early- 

and late-stage pulmonary fibrosis with combination emulsion siRNA polyplexes. J. Control. Release 

2019; 314: 12-24. 

[54] Unida S, Ito Y, Onodera R, Tahara K, Takeuchi H. Inhalation properties of water-soluble drug 

loaded liposomes atomized by nebulizer. Asian J. Pharm. Sci. 2016; 11(1): 205-6. 

[55] Sharma A, Vaghasiya K, Verma RK. Inhalable microspheres with hierarchical pore size for tuning 

the release of biotherapeutics in lungs. Microporous Mesoporous Mater. 2016; 235: 195-203. 

[56] El-Sherbiny IM, Smyth HDC. Controlled release pulmonary administration of curcumin using 

swellable biocompatible microparticles. Mol. Pharm. 2012; 9(2): 269-80. 

[57] Vartak R, Patil S, Saraswat A, Patki M, Kunda N, Patel K. Aerosolized nanoliposomal carrier of 

remdesivir: an effective alternative for COVID-19 treatment in vitro. Nanomed. 2021; 16(14): 

1187-202. 

[58] Hamdy MMA, Abdel Moneim MM, Kamal MF. Accelerated stability study of the ester prodrug 

remdesivir: recently FDA-approved COVID-19 antiviral using reversed-phase-hplc with fluorimetric 

and diode array detection. Biomed. Chromatogr. 2021; e5212. 

[59] Franzé S, Selmin F, Samaritani E, Minghetti P, Cilurzo F. Lyophilization of liposomal 

formulations: still necessary, still challenging. Pharmaceutics 2018; 10(3): 139. 

[60] Guan TT, Miao YQ, Xu LS, Yang SS, Wang J, He HB, et al. Injectable nimodipine-loaded 

nanoliposomes: preparation, lyophilization and characteristics. Int. J. Pharm. 2011; 410(1): 180-7. 

[61] Chen CJ, Han DD, Zhang Y, Yuan Y, Tang X. The freeze-thawed and freeze-dried stability of 

cytarabine-encapsulated multivesicular liposomes. Int. J. Pharm. 2010; 387(1): 147-53. 

[62] Zhou Q, Leung SSY, Tang P, Parumasivam T, Loh ZH, Chan HK. Inhaled formulations and 

pulmonary drug delivery systems for respiratory infections. Adv. Drug Delivery Rev. 2015; 85: 83-99. 

[63] Evrard B, Bertholet P, Gueders M, Flament MP, Piel G, Delattre L, et al. Cyclodextrins as a 

potential carrier in drug nebulization. J. Control. Release 2004; 96(3): 403-10. 

[64] Li Q, Zhan S, Liu Q, Su H, Dai X, Wang H, et al. Preparation of a sustained-release nebulized 

aerosol of r-terbutaline hydrochloride liposome and evaluation of its anti-asthmatic effects via 

pulmonary delivery in guinea pigs. AAPS PharmSciTech 2018; 19(1): 232-41. 

[65] Rudokas M, Najlah M, Alhnan MA, Elhissi A. Liposome delivery systems for inhalation: a critical 

review highlighting formulation issues and anticancer applications. Med Princ Pract 2016; 25(suppl 

2)(Suppl 2): 60-72. 

[66] Liang ZL, Ni R, Zhou J , Mao SR. Recent advances in controlled pulmonary drug delivery. Drug 

Discov. Today 2015; 20(3): 380-9. 

                  



24 
 

[67] Mohtar N, Taylor KMG, Sheikh K, Somavarapu S. Design and development of dry powder 

sulfobutylether-β-cyclodextrin complex for pulmonary delivery of fisetin. Eur. J. Pharm. Biopharm. 

2017; 113: 1-10. 

[68] Tolman JA, Nelson NA, Son YJ, Bosselmann S, Wiederhold NP, Peters JI, et al. Characterization 

and pharmacokinetic analysis of aerosolized aqueous voriconazole solution. Eur. J. Pharm. Biopharm. 

2009; 72(1): 199-205. 

[69] Murakami E, Wang T, Babusis D, Lepist EI, Sauer D, Park Y, et al. Metabolism and 

pharmacokinetics of the anti-hepatitis c virus nucleotide prodrug GS-6620. Antimicrob. Agents 

Chemother. 2014; 58(4): 1943-51. 

[70] Gordon CJ, Tchesnokov EP, Feng JY, Porter DP, Gtte M. The antiviral compound remdesivir 

potently inhibits RNA-dependent RNA polymerase from middle east respiratory syndrome coronavirus. 

J. Biol. Chem. 2020; 295. 

[71] Chou TF, Baraniak J, Kaczmarek R, Zhou X, Cheng JL, Ghosh B, et al. Phosphoramidate 

pronucleotides: A comparison of the phosphoramidase substrate specificity of human and escherichia 

coli histidine triad nucleotide binding proteins. Mol. Pharm. 2007; 4: 208-17. 

[72] Moor MJ, Steiner SH, Jachertz G, Bickel MH. Adipose tissue distribution and chemical structure 

of basic lipophilic drugs: desipramine, n-acetyl desipramine, and haloperidol. Pharmacol. Toxicol. 1992; 

70(2): 121-4. 

[73] Shen AM, Minko T. Pharmacokinetics of inhaled nanotherapeutics for pulmonary delivery. J. 

Control. Release 2020; 326: 222-44. 

[74] Pouwels SD, Nawijn MC, Bathoorn E, Riezebos-Brilman A, Van Oosterhout AJ, Kerstjens HA, et 

al. Increased serum levels of ll37, hmgb1 and s100a9 during exacerbation in copd patients. Eur. Respir. 

J. 2015; 45(5): 1482-5. 

[75] Urso A, Emala C, Ovidio F. Inhaled bile acids are implicated in airway functional changes and 

cytokine release. The Journal of Heart and Lung Transplantation 2020; 39: S471. 

[76] Pascoe C, Jha A, Ryu M, Ragheb M, Vaghasiya J, Basu S, et al. Allergen inhalation generates 

pro-inflammatory oxidised phosphatidylcholine associated with airway dysfunction. Eur respir J 2020; 

57(2): 2000839. 

[77] Contini C, Enrica Gallenga C, Neri G, Maritati M, Conti P. A new pharmacological approach 

based on remdesivir aerosolized administration on SARS-COV-2 pulmonary inflammation: A possible 

and rational therapeutic application. Med. Hypotheses 2020; 144: 109876. 

[78] Hanafin PO, Jermain B, Hickey AJ, Kabanov AV, Kashuba AD, Sheahan TP, et al. A 

mechanism-based pharmacokinetic model of remdesivir leveraging interspecies scaling to simulate 

COVID-19 treatment in humans. CPT: Pharmacometrics Syst. Pharmacol. 2021; 10(2): 89-99. 

[79] Sahakijpijarn S, Moon C, Koleng JJ, Christensen DJ, Williams RO. Development of remdesivir as 

a dry powder for inhalation by thin film freezing. Pharmaceutics 2020; 12(11): 1002. 

[80] Khan I, Elhissi A, Shah M, Alhnan MA, Ahmed W. 9 - liposome-based carrier systems and devices 

used for pulmonary drug delivery. In: Davim JP, editor. Biomaterials and medical tribology. Woodhead 

Publishing2013, pp. 395-443. 

[81] Andrade F, Rafael D, Videira M, Ferreira D, Sosnik A, Sarmento B. Nanotechnology and 

pulmonary delivery to overcome resistance in infectious diseases. Adv. Drug Delivery Rev. 2013; 

65(13): 1816-27. 

 

 

                  



25 
 

 

Figure 

 

Scheme 1. Schematic illustration of the Rdv-lips aerosol inhaled into lung. The Rdv-lips 

suspension is atomized and then inhaled into lung to increase the drug accumulation. After 

depositing at alveoli, the Rdv-lips are taken by the alveolar epithelial cells rapidly due to the better 

cytocompatibility and high loading rate of Rdv-lips. All these above lead to a sustained higher 

concentration of active metabolite NTP in lung. 

 

 

 

                  



26 
 

 

Fig. 1. Characterization. (A) Size distributions of freshly prepared Rdv-lips. (B) TEM images of 

freshly prepared Rdv-lips under different scales. (C) In vitro release profile of different Rdv-lips in 

SLF at 37°C (mean ± SD, n = 3). Freshly prepared Rdv-lips is Rdv-lips suspension prepared 

before the dissolution test without lyophilization; Lyophilized Rdv-lips is Rdv-lips freeze-dried 

powder reconstituted by saline; Lyophilized Rdv-lips after atomization is Rdv-lips suspension 

collected after atomization of reconstituted Rdv-lips freeze-dried powder. In vitro stability of 

lyophilized Rdv-Lips reconstituted by reverse osmosis water, saline and pH 6.5 PBS at (D) 25 °C 

or (E) 4 °C (mean ± SD, n = 3).  
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Fig. 2. Drug deposition rate of the Rdv-lips suspension aerosol and Rdv-cyc solution aerosol at 

different stages. Data are expressed as the mean ± SD (n = 3). 

 

 

 

 

 

Fig. 3. Pharmacokinetics and tissue distribution of NTP in vivo. (A) Concentration-time curves of 

NTP in lung homogenate measured by LC/MS/MS after different treatments in mice at a 

remdesivir dose of 20 mg/kg (n = 3). (B) The larger version of (A). The concentration of NTP 

measured by LC/MS/MS in major organs collected from the mice at 4 h (C) and 24 h (D) after 

administration (n = 6). Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 

0.001. 
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Fig. 4. Inflammation-linked cytokines. Quantitative analysis of IL-6, TNF-α, IL-10 and HMGB-1 

in (A) lung homogenate (n = 3), (B) BALF (n = 3) and (C) serum (n = 6). Serum, lung tissue 

homogenate and BALF were collected 11 d after administration. Cytokines were measured by 

ELISA (mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001). 

 

Fig. 5. H&E-stained organ slices from normal BALB/c mice treated with saline (control, inh.), 

Blank-lips (inh.), Rdv-cyc (i.v.), Rdv-cyc inh. and Rdv-lips inh. (n = 3). The scale bar is 100 μm. 
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Fig. 6. Body weight changes of treated mice (n = 6, mean ± SD). 
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Tables 

Table 1. Characterization of liposomes with different drug/lipid ratios 

Drug/Lipid ratio 1:5 1:10 1:15 1:20 1:30 

Diameter (nm) 116.5±1.1 113.6±1.2 123.2±1.9 127.5±1.3 126.9±0.8 

PDI 0.234±0.041 0.157±0.035 0.122±0.040 0.130±0.070 0.202±0.029 

EE (%) 62.41 69.62 67.15 89.10 83.93 

DL (%) 11.10 6.51 4.28 4.27 2.72 

 

 

Table 2. Particle size distribution of Rdv-lips suspension aerosol and Rdv-cyc solution aerosol. 

Data are expressed as the mean ± SD (n = 3). 

Aerosols Rdv-lips Rdv-cyc 

MMAD (μm) 4.118±0.104 3.590±0.142 

FPF (%) 56.893±0.443 64.271±2.284 

GSD 2.124±0.030 2.155±0.085 

 

Table 3. Delivery rate and total delivery amount of the Rdv-lips suspension aerosol and Rdv-cyc 

solution aerosol 

Aerosols Rdv-lips Rdv-cyc 

Delivery rate (mg/min) 0.360 0.272 

Total delivery amount (mg) 3.905 2.206 

 

                  


